The pathogenesis of nonalcoholic steatohepatitis (NASH) is not fully understood, but many studies have suggested that oxidative stress plays a key role. The methionine-and choline-deficient diet (MCD) administration model can reproduce histopathological features of human NASH and is widely used for investigating NASH. C57BL/6J mice have been used in many studies, but strain differences in pathogenesis have not been sufficiently investigated. We administred MCD to two mouse strains and then compared difference between strains and investigated the effects of β-caryophyllene (BCP), which possesses an antioxidant effect, on development and progression of NASH. ICR and C57BL/6J mice were administred a control diet, MCD, MCD containing 0.02% BCP, or MCD containing 0.2% BCP. After 4 or 8 weeks, mice were sacrificed. In both strains, MCD administration induced hepatic steatosis and inflammation. These lesions were more severe in C57BL/6J mice than ICR mice, and liver fibrosis was observed at 8 weeks in C57BL/6J mice. These changes were attenuated by BCP coadministration. The mRNA expression of monocyte chemotactic and activating factor (MCP)-1 and fibrosis-related factors increased in C57BL/6J mice, and these increases were reduced by BCP coadministration. The mRNA expression of antioxidant-related factors decreased in both strains, and these decreases were attenuated by BCP coadministration. Based on these results, the C57BL/6J mouse was a more suitable model for MCD-induced NASH than the ICR mouse. In addition, it was suggested that antioxidant effect of BCP might suppressed the damage of hepatocytes caused by oxidative stress and following inflammation and fibrosis.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is a relatively prevalent liver disease that is recognized as an important health concern 1, 2 , and it is estimated that one billion people have NAFLD worldwide now 3 . NAFLD is characterized by the accumulation of hepatic lipid 4 , and the majority of patients have a benign prognosis, i.e., nonalcoholic fatty liver (NAFL), but up to 25% of patients develop potentially progressive liver damage, i.e., nonalcoholic steatohepatitis (NASH). A growing body of literature shows the close relationship of steatohepatitis with metabolic syndrome, which is characterized by abdominal obesity, insulin resistance with or without frank hyperglycemia, dyslipidemia, and hypertension, and several recent studies have documented the association of NASH with metabolic syndrome [5] [6] [7] [8] . However, this association is not universal, and the pathogenesis of NASH, especially the mechanism by which NAFL progresses to NASH, remains poorly understood [9] [10] [11] .
A large number of studies regarding the pathophysiology and treatment of NASH have been undertaken in mouse models of human NASH, such as dietary models including a methionine-and choline-deficient diet (MCD), choline-deficient L-amino-defined diet, and high-fat diet, and genetic models, such as ob/ob mice, db/db mice, KK-Ay/a mice, and phosphatase and tensin homolog null mice. However, all of the animal models have had their own merits and demerits, and none have been able to fully reproduce the pathogenic mechanisms and histological features observed in humans. Among the models, the MCD administration model is able to reproduce most of the histopathological features of human NASH 12, 13 and reproduce NASH within a relatively shorter feeding time than other dietary models of NASH. In addition, a previous study reported that MCD administration activated mechanisms that have been implicated in human NASH progression; thus, this diet model is ideal for studying mechanisms driving NASH-related inflammation/ fibrosis, as well as strategies to inhibit these processes 14 . C57BL/6J mice have been widely used for MCD-induced NASH models in many studies, but strain differences in sensitivity to MCD have not been sufficiently investigated. Therefore, comparing the differences between strains may lead to determination of a strain that is more suitable for use as a NASH model induced by MCD administration.
Histologically, NASH is similar to alcohol-induced liv-er disease, suggesting that it might have some similar features with respect to pathogenesis. Among the multiple factors involved in the process of alcohol-induced liver injury, a crucial role is played by oxidative stress 15 . In addition, a previous study reported that free radicals from NADPH oxidase in hepatic Kupffer cells play a predominant role in the pathogenesis of early alcohol-induced hepatitis 16 . Similarly, many studies suggested that hepatic oxidative stress plays a key role in the pathogenesis of NASH, and the failure of antioxidant defense mechanisms against oxidative stress is an important factor in the pathogenesis of NASH 8, [17] [18] [19] . Thus, it was estimated that antioxidant supplementations might suppress development and progression of NASH, and its effect was investigated in some studies 9, 20, 21 . However, fundamental medications for NASH have not been established. β-caryophyllene (BCP) is a sesquiterpene found in various plants including clove, cinnamon leaves, and copaiba balsam. BCP is known to possess anti-inflammatory 22, 23 , anticarcinogenic 24 , antibiotic 23, 25 , and local anaesthetic 26 activities. In addition to these effects, BCP also has an antioxidant effect 23, 27 . A previous study reported that BCP protected rat livers from carbon tetrachloride toxicity via its antioxidant activity 28 . In this study, we investigated i) the strain differences in MCD-induced liver lesions by using ICR and C57BL/6J mice and ii) the effect of BCP on MCDinduced progression of NAFL to NASH.
Materials and Methods

Chemicals
BCP was purchased from SigmaA-Aldric (Tokyo, Japan). All other chemicals were obtained commercially.
Experimental design
Forty male ICR mice, 5 weeks old, and forty male C57BL/6J mice, 5 weeks old, were purchased from Charles River Laboratories Japan (Kanagawa, Japan) and SLC Japan (Shizuoka, Japan), respectively. Mice were housed in a temperature-controlled room with 12-h-light/12-h-dark cycling and allowed free access to tap water and control diet (CD, Oriental Yeast Co., Ltd., Tokyo, Japan).
In each strain, mice were acclimatized for 1 week and divided into four groups administrated a control diet (CD), MCD (MCD), MCD containing 0.02% BCP (MCD + L), and MCD containing 0.2% BCP (MCD + H). These doses were determined with reference to the results of examination by others 29 . During the experimental period, body weight was measured once per week. At the end of the respective experiment, which lasted 4 or 8 weeks, 5 mice per group were sacrificed by exsanguination from the abdominal aorta under isoflurane anesthesia. Livers were excised and weighed. For histopathology and immunohistochemistry, the liver obtained from each mouse was fixed by the PLP (periodate-lysine-paraformaldehyde)-AMeX (acetone, methyl benzoate, and xylene) 30 . In brief, specimens were immersed in PLP fixative (containing 4% paraformaldehyde) for 7 hours at 4°C and then washed with phosphate-buffered saline (PBS; 0.01 M, pH 7.4) for 2 hours at 4°C. Then, the tissues were dehydrated in acetone overnight at 4°C and for 1 hour twice at room temperature, cleared in methyl benzoate for 30 minutes twice and in xylene for 30 minutes twice, soaked in paraffin for 40 minutes three times at 60°C, and embedded in paraffin. The paraffin blocks prepared by the PLP-AMeX method were kept at 4°C. The liver tissues for PCR were collected by cutting them into small pieces, frozen, and then preserved at −80°C.
Blood biochemistry
Alanine aminotransferase (ALT) and triglyceride (TG) were measured in serum samples from each mouse at 8 weeks.
Histopathology
Two-micrometer sections were stained with hematoxylin and eosin (HE) and Sirius Red. Histological scores were measured with NAFLD activity score (NAS) recommended by the Pathology Committee of the NASH Clinical Research Network 31 . The minimum histological criterion for the diagnosis of NASH was the presence of steatosis associated with hepatocellular ballooning involving zone 3 and lobular inflammatory infiltration 32 . Therefore, in NAS, these findings were semiquantitatively scored as steatosis (score of 0-3), lobular inflammation (score of 0-3), and hepatocellular ballooning (score of 0-2), then, the unweighted sum of these scores was obtain as activity score (0-8). An activity score ≥5 was considered to indicate NASH, a score of 3 or 4 was considered to indicate borderline NASH, and a score of 0 to 2 was considered to indicate NAFL.
Immunohistochemistry
For immunohistochemistry, 2-µm sections were deparaffinized and soaked in methanol containing 0.3% hydrogen peroxide for 30 minutes to block endogenous peroxidase activity. Then, the sections were treated with 10% normal goat serum for 30 minutes to block nonspecific reaction. Anti-CD3 antibody (rabbit polyclonal, Abcam plc, Cambridge, UK) and anti-F4/80 antibody (rat monoclonal, Bio-Rad Laboratories Inc., Hercules, CA, USA) were applied as the primary antibodies overnight at 4°C. In the case of CD3, the sections were incubated with EnVision solution (Dako, Glostrup, Denmark) against rabbit immunoglobulin (Ig) G for 30 minutes at room temperature. In the case of F4/80, each section was incubated with anti-rat IgG (rabbit, Vector Laboratories Inc., Burlingame, CA, USA) for 30 minutes and then with a Vectastain ABC Kit (Vector Laboratories Inc., Burlingame, CA, USA) for 30 minutes. Antibody binding was visualized with 3,3-diaminobenzidine chromogen and counterstaining with Mayer's hematoxylin. Tris-buffered saline (0.15 M NaCl, 0.05 M Tris-HCl, pH 7.6) was used for rinsing. With regard to CD3 and F4/80, the number of positive cells was counted in fifty fields per section at 200-fold magnification, and the average number per field was calculated.
Real-time reverse transcription polymerase chain reaction (real-time RT-PCR) analysis
Total RNA was extracted from liver tissue of each mouse using an RNeasy Mini Kit (QIAGEN, Venlo, Netherlands). The concentrations of total RNA samples were measured using Gen5 2.0 (BioTek Instruments, Inc., Winooski, VT, USA). Then, cDNA was prepared from 500 ng of total RNA using PrimeScript RT Master Mix (Takara Bio Inc., Kusatsu, Japan) in a Life ECO Thermal Cycler (Bioer Technology Co., Ltd, Hangzhou, China) (37°C for 15 minutes and 85°C for 5 seconds). Real-time PCR was performed using SYBR Premix Ex Taq II (Takara Bio Inc., Kusatsu, Japan) in a Thermal Cycler Dice Real Time System II (Takara Bio Inc., Kusatsu, Japan) (95°C for 30 seconds, 40 cycle of 95°C for 5 seconds and 60°C for 30 seconds, 95°C for 15 seconds, 60°C for 30 seconds, and 95°C for 15 seconds). Five targets for antioxidant-related factors (glutathione peroxidase (GPx1), glutathione reductase (GSR), catalase (CAT), superoxide dismutase (SOD) 1, and SOD2), and three targets for inflammatory cytokine (interleukin (IL)-1β, IL-6, and monocyte chemotactic and activating factor (MCP)-1) and fibrosis-related factors (NADPH oxidase (Nox) 2, transforming growth factor (TGF)-β and Collagen I α1) were analyzed. The primer sequences used were as listed in Table 1 . The relative value of gene expression was calculated using standard carve values that were normalized to those of the β-actin gene, the endogenous control in the same sample, and then relative to a control value were obtained.
Statistical analysis
Obtained data were expressed as means and standard deviations. Statistical differences between groups were evaluated using the following methods: initially, numerical data were analyzed for homogeneity of variance using Bartlett's test. Dunnett's test or Steel's test was then used when the variance was homogenous or heterogeneous among the groups, respectively. A difference was considered to be significant at P<0.05.
Results
Body weight and liver weight
In both strains, suppressed body weight gain was observed in MCD-fed groups, and this was ameliorated by a higher dose of BCP coadministration at 8 weeks. In ICR mice, the relative liver weight was not different among the groups at 4 weeks, but it was decreased by MCD administration and attenuated by a higher dose of BCP coadministration at 8 weeks. In the C57BL/6J mice, the relative liver weight was decreased by MCD administration at both 4 and 8 weeks, and an attenuating effect was observed in the MCD + H group at 8 weeks (Table 2 ).
Blood biochemistry
In ICR mice, ALT and TG were not significantly different among the groups. In C57BL/6J mice, ALT was significantly increased by MCD administration, and this increase was significantly reduced by BCP coadministration. Moreover, TG was significantly decreased by MCD administration, but this decrease was not attenuated by BCP coadministration (Table 3) .
Histopathology
CD administration did not induce any histological changes (Fig. 1A, 1B) . In ICR mice, MCD administration induced mild steatosis, some inflammatory foci consisting mainly mononuclear cells, and a small amount of ballooning degeneration of hepatocytes at 4 weeks, and these findings were slightly worse at 8 weeks (Fig. 1C) . Their severities were slightly reduced by BCP coadministration (Fig. 1E) . In C57BL/6J mice, more pronounced lesions were observed and were more severe at 8 weeks (Fig. 1D ) than 4 weeks. The severities of these lesions were reduced by BCP coadministration (Fig. 1F) . Distinct Fibrosis was not observed in any groups in ICR mice at 4 and 8 weeks ( Fig. 2A, 2B ), but it was observed primarily in the pericentral areas in C57BL/6J mice at 8 weeks (Fig. 2C) . It was also mildly inhibited by BCP coadministration (Fig. 2D) . When the severity of lesions was scored using the NAS (Table 4) , the activity scores of the ICR and C57BL/6J mice in the MCD groups were 2.8 ± 1.3 and 4.0 ± 0.7 at 4 weeks. These scores were mildly reduced by high dose of BCP coadministration in both strains (1.4 ± 0.5 in the ICR mice and 3.0 ± 0.0 in the C57BL/6J mice). At 8 weeks, the activity scores of the ICR and C57BL/6J mice in the MCD groups were 3.8 ± 0.8 and 4.6 ± 0.5, and the scores were significantly reduced by a high dose of BCP coadministration in C57BL/6J mice (1.8 ± 1.0 in the ICR mice and 2.4 ± 1.1 in the C57BL/6J mice).
Changes in infiltrated mononuclear cells
In ICR mice, the number of CD3-positive cells was moderately increased by MCD administration and was mildly but not significantly decreased by BCP coadministration at both 4 and 8weeks (Fig. 3A, 3B, 3D, 3F) . The number of F4/80-positive cells was not significantly different among the groups at both 4 and 8 weeks (Fig. 4A, 4B, 4F) . In C57BL/6J mice, the numbers of CD3-and F4/80-positive cells were moderately increased by MCD administration, and these increases were ameliorated by BCP coadministration at both 4 and 8 weeks (Fig. 3C, 3E , 3F, 4C-4F).
Changes in mRNA expression
Changes in the mRNA expression of genes in the liver are shown in Table 5 . In ICR mice, the mRNA expression levels of IL-1β and IL-6 increased in the MCD group, and these increases were reduced by BCP coadministration at 8 weeks. On the other hand, the mRNA expression of MCP-1 showed no significant difference between the groups at both 4 and 8 weeks. In contrast, in C57BL/6J mice, the mRNA expression levels of IL-1β and IL-6 showed no significant difference between the groups at both 4 and 8 weeks. On the other hand, the mRNA expression of MCP-1 showed a tendency to increase as a result of MCD administration for 8 weeks, and this increase was reduced by BCP coadministration.
Regarding the antioxidant-related factors, the mRNA expression levels of SOD1, SOD2, and GPx1 were decreased by MCD administration, and these decreases were reduced by BCP coadministration in ICR mice at 8 weeks. In C57BL/6J mice, in addition to SOD1, SOD2 and GPx1, another antioxidant-related factor was also decreased by MCD administration, and the decreases in all four factors were reduced by BCP coadministration. The mRNA expression levels of fibrosis-related factors, Nox2, TGF-β, and Collagen Iα1, were not significantly different between the groups in ICR mice at both 4 and 8 weeks, but in C57BL/6J mice, these expression levels were increased by MCD administration and the increases were attenuated by BCP coadministration at 8 weeks.
Discussion
NASH is now recognized as an important health concern, and the incidence of NASH has been rising worldwide. Nevertheless, the pathogenesis of NASH is still not fully understood, and thus many rodent models have been proposed to investigate it. Among these models, the use of an essential amino acids-deficient diet, such as the MCD, is well accept- ed because it reproduces many histopathological features of human cases, including fibrotic disorders associated with hepatic lipid accumulation and the presence of inflammation. When the MCD-induced mouse NASH model was produced, the C57BL/6J mouse was widely used 33 . However, strain differences in the sensitivity to MCD have not been sufficiently investigated. Thus, we used ICR mice to compare strain differences in lesions produced by MCD administration. MCD administration induced hepatic steatosis and inflammation in both strains, and the hepatic steatosis and inflammation were more severe at 8 weeks than 4 weeks. However, the histological changes in ICR mice were milder than those in C57BL/6J mice. When the severity of lesions was scored using the NAS, some C57BL/6J mice received high activity scores (≥5), which was considered to indicate NASH, at 4 weeks. On the other hand, 4 out of 5 ICR mice were diagnosed by NAS as having borderline NASH even at 8 weeks. The average activity score in ICR mice at 8 weeks (3.80 ± 0.80) was slightly lower than that in C57BL/6J mice at 4 weeks (4.00 ± 0.70). As for blood biochemistry, an increased ALT level was observed only in C57BL/6J mice (Table 3) . Therefore, it was suggested that MCD administration for 4 weeks could induce NASH in C57BL/6J mice and that it progress earlier and is more severe than in ICR mice. Methionine and choline are essential components for verylow-density lipoprotein (VLDL) and lipid oxidation 34 . A deficiency of these components can reduce lipid oxidation and lipid transport outside of hepatocyte, resulting in lipid accumulation in the liver. Thus, the strain difference observed in this study may be due to a difference in lipid metabolism. Some NASH patients progress to liver fibrosis (cirrhosis), and this progression is a critical problem because cirrhosis can progress to hepatocellular carcinoma 35, 36 . In our experiment, liver fibrosis was observed in C57BL/6J mice at 8 weeks as a result of MCD administration, but it was not seen in ICR mice. This result for C57BL/6J mice is consistent with the results of previous study 37 . In addition, the number of F4/80-positive macrophages increased over time during the experimental period, but the increase was significant only in C57BL/6J mice. Macrophage-induced nuclear factor-κB (NF-κB) signal renders activation of hepatic stellate cells (HSCs) that more resistant to cell death, thereby promoting persistent HSC activation and fibrosis 38 . Accordingly, an increased number of infiltrated macrophages may have contributed to the progression to fibrosis in C57BL/6J mice. Because the number of F4/80-positive macrophages in ICR mice also time-dependently increased in the present study, it is possible that a longer term of MCD administration in ICR mice might induce liver fibrosis. Therefore, these results also indicated that NASH in MCD-administrated C57BL/6J mice progresses earlier and is more severe than in ICR mice and suggested that C57BL/6J mice are a more suitable model for MCD-induced NASH than ICR mice. Along with the strain difference, we also investigated the effect of BCP on the pathogenesis of NASH. BCP is a sesquiterpene that has many beneficial activities, including anti-inflammatory 22, 23 and antioxidative stress 27 . Histologically, hepatic steatosis and inflammation were attenuated by BCP coadministration at both 4 and 8 weeks in both strains, and liver fibrosis was attenuated at 8 weeks in C57BL/6J mice. The number of CD3-and F4/80-positive cells were also decreased by BCP coadministration. In addition, ALT was reduced to the control level by BCP coadministration. These results indicate that BCP exerts inhibitory effects against liver damage and inflammation in development and progression of NASH.
To elucidate the BCP-mediated inhibitory mechanism, the mRNA expression of inflammatory cytokines, oxidative stress-related factors and fibrosis-related factors was investigated. The mRNA expression of IL-6 was increased by MCD administration, and this increase was reduced by BCP coadministration at 8 weeks in ICR mice. On the other hand, the mRNA expression of IL-6 was not significantly different among the groups in C57BL/6J mice. A previous report revealed that IL-6-deficient mice showed attenuation of MCD-induced hepatic inflammation, but no influence on the degree of hepatic steatosis, compared with wild mice 39 . From this finding, although the precise reason for the difference in IL-6 mRNA expression between the two strains was not unclear, it was suggested that BCP decreased the level of IL-6 mRNA but that this decrease may not be directly associate with inhibition of NASH development. As for MCP-1, its mRNA expression did not differ among the treatment groups at both 4 and 8 weeks in ICR mice, but it showed a tendency to increase in C57BL/6J mice as a result of MCD administration, and the increase was reduced by BCP coadministration at 8 weeks. The strain difference and BCP-induced amelioration relatively corresponded to the histological changes. MCP-1, also known as CCL2, is a potent chemoattractant for macrophages and is produced from various cells, especially HSCs 40 . MCP-1 is also crucial for the development of hepatosteatosis, insulin resistance, and obesity in mice fed a high-fat diet 41 . In addition, a previous study reported that blocking MCP-1 inhibited hepatic macrophage infiltration and steatohepatitis during chronic liver damage in a MCD model 42 . This finding may support our idea that decreased mRNA expression of MCP-1 partly contributes to the effect of BCP on attenuating NASH. Hepatocytes with metabolic or toxic damage were responsible for induction of free radical chain reactions and lipid peroxidation, resulting in increased ROS formation, and increased ROS stimulated release of MCP-1 from HSCs in chronic liver injury 43 . Also, oxidative stress is a central mechanism of hepatocellular injury in NASH 44 . When the mRNA expression of antioxidant-related factors was investigated, the mRNA expressions of SOD2 and GPx1 were found to be decreased by MCD administration, and these decreases were returned to the control level by BCP coadministration in both strains. The mitochondrial capacity to control oxidative balance will collapse under continuous oxidative stress. Excess superoxide could be generated within injured mitochondria through electron leakage, and the resulting excess of superoxide would be converted to hydrogen peroxide by SOD2; conversion of hydrogen peroxide is carried out by the antioxidant enzyme GPx1. The combined approach of superoxide scavenging with replenishment of GSH, which is substrate for reduction of hydrogen peroxide, can be applied for treatment of NASH, as hydrogen peroxide, which is converted by SOD2, is also potent oxidant 45 . A previous study reported that retinoic acid-related orphan receptor α (RORα), which regulates diverse target genes associated with lipid metabolism, has a protective function against oxidative stress in the liver, and administration of JC1-40, a ligand of RORα, decreased signs of liver injury, lipid peroxidation, and inflammation by inducing SOD2 and GPx1 expression in MCD-induced NASH mice 46 . Thus, it was suggested that BCP-induced recovery of SOD2 and GPx1 mRNA expression attenuated steatohepatitis and decreased MCP-1 mRNA expression induced by MCD administration, resulting in amelioration of NASH progression.
The mRNA expression of Nox2 was increased by MCD administration at 8 weeks, and the increase was returned to the control level by BCP coadministration in C57BL/6J mice. Nox2, a membrane-bound enzyme complex, is involved in cellular respiratory bursts and free radical production in a variety of cells, including hepatocytes 47 . Moreover, Nox2-generated oxidative stress is associated with severity of liver steatosis in patients with NAFLD 48 . Some Nox isoforms, including Nox1, Nox2, and Nox4, are involved in the initiation of myofibroblasts activation and progression of liver fibrosis 49 . Similar to the mRNA expression of Nox2, liver fibrosis was only observed in the present study in MCD-administrated C57BL/6J mice at 8 weeks, and it was attenuated by BCP coadministration (Fig. 2) . Moreover, the mRNA expression of TGF-β and Collagen Iα1 showed similar changes (Table 5 ). Therefore, it was suggested that BCP decreases the mRNA expression of Nox2 and that it might partially contribute to preventing oxidative stress and fibrosis.
In conclusion, the obtained data suggested that, because the disease progressed relatively early, C57BL/6J mice were a more suitable model for MCD-induced NASH than ICR mice and that BCP has hepatoprotective effects against NASH, mainly through the inhibition of oxidative stress and following inflammation.
